Based on dynamic direct tensile tests, splitting tests and spalling tests, it is found that the experimental tensile strength of concrete-like materials greatly increases with loading-rate. This kind of dynamic tensile strength enhancement may be caused by the combination influence of the inertia effect, real rate effect and end friction effect (here the end friction effect is only existed in splitting and spalling tests). To further investigate the influence degree of real rate effect for concrete-like materials in dynamic tensile tests, this paper conducts systematically dynamic tensile experiments, viz. dynamic direct tensile tests, splitting tests and spalling tests. At the same time, numerical dynamic tensile tests are employed to analyze the mechanical characteristics of concrete-like materials. A hydrostatic pressure dependent model, the DruckerPrager constitutive model, is used for concrete-like material specimens, which can consider the influence of inertia effect. In the numerical model, the specimen is set to be rate-independent, thus the predicted dynamic tensile strength of specimens is free of the real rate effect. The end friction effect is also taken into account in the numerical analysis of dynamic splitting and spalling tests. It is found that the dynamic tensile strength of concrete-like materials in numerical simulations does not varies obviously with the loading-rate, indicating that the inertia effect and end friction effect have little contributions to the dynamic tensile strength enhancement of concrete-like materials. Therefore, the real rate effect dominates the dynamic tensile strength enhancement of concretelike materials in laboratory tests, but the inertia effect and end friction effect do not. Keywords Real rate effect, tensile strength, concrete-like materials, experimental and numerical research researchers. The dynamic behavior of concrete-like materials is usually studied by laboratory such as split Hopkinson tension bar (SHTB) or split Hopkinson pressure bar (SHPB). Many experimental results show that the dynamic strength of concrete-like materials subjected to impact loading increases apparently with the loading-rate. The influence of the loading-rate or strain-rate on the dynamic strength enhancement of concrete-like materials obtained from experiments is called as the apparent rate effect. The dynamic performance of mortar under compressive and tensile loading was studied by Yang et al. (2015) based on splitting tests, and the results show that mortar is of rate sensitive. Cai et al. (2015) systematically conducted quasi-static and dynamic compressive tests to analyze the rate effect of granite, and numerical simulation method is employed to determine the true rate effect of granite through the uncoupled assumption of the rate effect, lateral inertia and end friction effect in SHPB tests. Lu et al. (2014) investigated the dynamic compressive behavior of recycled aggregate concrete specimens prepared with five different amount of recycled coarse aggregate [i.e. 0, 25%, 50%, 75%, and 100%], and the results show that recycled aggregate concrete exhibits strong rate dependency. It is believed that the dynamic strength enhancement of concrete-like materials may have correlation with end friction, inertia and real rate effect in SHPB or SHTB tests. Among them, the dynamic tensile strength obtained from direct tensile tests is not affected by the end friction effect, for the absence of end friction in this type of tests. Zhang et al. (2009) studied the dynamic strength enhancement of concrete-like materials using tubular specimens, and concluded that the radial inertia-induced confinement in concrete-like materials has large influence on the compressive strength enhancement. Hao et al. (2013) investigated the effect of end friction on the dynamic compressive strength of concrete specimens, and found that the influence of end friction is related to the slenderness ratio of specimens. Cotsovos and Pavlović (2008) claimed that the dynamic tensile strength of concrete-like materials is directly linked to inertia effect, whose key influencing factors include the mass of specimens and boundary conditions. A similar argument was made by Hao et al. (2012) , who imposed a model with both strain-rate insensitive and sensitive feature in AUTODYN (a FEM software), and discovered that the inertia effect has a great on the dynamic tensile strength increment. However, Hentz et al. (2004) used a discrete element method to study the dynamic tensile behavior of concrete, and deemed that the inertia effect cannot explain the tensile strength enhancement. Lu et al. (2011) employed a hydrostatic-stress-dependent macroscopic model without considering strain-rate effect in numerical simulations of three types of dynamic tensile tests, viz. dynamic direct tensile tests, dynamic splitting tests and spalling tests, and results show little strain-rate dependency, which indicated that the observed tensile strength enhancement with strain-rate in dynamic tensile tests was a genuine material effect.
INTRODUCTION
Concrete-like materials take significant parts in infrastructure and defense engineering, whose mechanical properties have already attracted much attention from structural designers and scientific In this study, to systematically study the influence degree of real rate effect, laboratory experiments are prepared for measuring the tensile strength of concrete specimens. Besides, DruckerPrager model in ABAQUS software, a widely used constitutive model for concrete-like materials, is employed to simulate the three types of dynamic tensile tests under comparable conditions with experiments in the macroscopic level. In Drucker-Prager constitutive model, material can be defined as rate-independency or rate-dependency. Concrete specimens are defined as rate-independency in this study, thus the predicted dynamic strength enhancement of specimens is free from the real rate effect. Accordingly, the real rate effect in laboratory experiments can be indirectly determined. Finally, the numerical results from rate insensitive model are compared with experimental results, to further reveal the influence of real rate effect on concrete-like materials under dynamic tension.
The methods and results of three dynamic tensile experiments, i.e., dynamic direct tensile tests, dynamic splitting tests and spalling tests, will be introduced in section 2. The numerical simulation models of the three types of dynamic tensile tests are presented in Section 3. Comparison between numerical simulation results and experimental data together with discussions are given in Section 4. Conclusions are finally drawn in Section 5.
TENSILE TEST TECHNOLOGIES AND EXPERIMENTAL RESULTS
It is known that the dynamic strength of concrete-like materials increases significantly under high loading-rate. The dynamic increase factor (DIF), which is the ratio of dynamic strength to static strength, is introduced to represent the dynamic strength enhancement. According to this definition, the value of DIF and loading-rate s  from tensile experiments can be obtained by the following equations, respectively,
where D s is the dynamic tensile strength of specimens,
St
s is the quasi-static tensile strength, and r T is the critical rise time from the beginning to peak value of the transmitted wave signal in corresponding positions of laboratory experiments. The composition of concrete specimens used in this study is shown in 
Quasi-Static Tensile Tests
The quasi-static strength is the basis of Equation 1. Therefore, quasi-static tensile tests are firstly conducted. According to a Chinese national code, GB/T-50081(2002), quasi-static tensile tests are carried out on MTS-815 Flex Test GT rock mechanics experimental system, with the loading of deformation control (0.02 mm/min), as shown in Figure 1 . Before conducting tests, both ends of specimens are polished well to ensure the parallelism of specimens. The machined specimen is bonded with the loading plates with high strength adhesive [ Figure 1(b) ]. The adopted adhesive is comprised of methacrylate, and mixed with components such as flexibilizer, fortifier and stabilizer. The tensile and shear strength of the adhesive between steel and steel surface are both higher than 20 MPa, which largely exceeds the tensile strength of concrete. The adhesive is uniformly stirred and evenly smeared at the bonding surfaces between loading plates and specimens. Then the bonding part is placed alone about 20 minutes for the consolidation before loading. The length and diameter of concrete specimens is 100 mm, and 50 mm, respectively, which are limited by the testing set-up. 
Dynamic Tensile Tests
Dynamic tensile tests have two forms, namely direct and indirect tension. Direct tension tests are conducted on split Hopkinson tension bar (SHTB), as shown in Table 2 . Geometries and materials of indirect tension test (dynamic splitting and spalling tests) set-up are also illustrated in 
Dynamic Direct Tension Tests
The SHTB device, as illustrated in Figure 2 , includes incident bar, transmitter bar, projectile and strain gauges. Specimens should have inseparable connections with both the incident bar and transmitter bar. Once the connection is unstable, the region of specimens nearby the incident bar or transmitter bar/specimen interface will be in triaxial tensile state and is prone to facture. Therefore, the fastening method is a key technique to ensure the success of dynamic direct tension tests. In this study, the connection method of winding several layers of steel wires and using the above mentioned high strength adhesive on the bonding surfaces between bars and specimens is introduced to avoid the unstable connection problem, as shown in Figure 3 . To ensure the stress equilibrium and eliminate the wave oscillation, soft rubber of 20 mm in diameter and 1.5 mm in thickness is used as pulse shapers through several trial tests, as shown in Figure 4 . With the propagation of tensile stress waves, concrete specimens are loaded by the tensile stress wave and internal microcracks generate in specimens until the eventual damage occurs. A typical pulse signal obtained from strain gauges in a dynamic direct tensile test is shown in Figure 5 . 
Dynamic Splitting Tests
Dynamic splitting tests have been accepted as regular tests for determining the dynamic tensile strength of concrete-like materials. Based on the SHPB device of 75 mm in diameter (as shown in Figure 6 ), dynamic splitting tests (Brazilian tests) of concrete specimens are conducted for the measurement of dynamic tensile strength in a certain range of loading-rates. Similarly, soft rubber pulse shapers of 20 mm in diameter and 1.5 mm in thickness are employed to avoid the stress non-equilibrium problem in dynamic splitting tests and a foam block is used for the balance of specimens, as shown in Figure 7 . The original pulse signal obtained from strain gauges in a dynamic splitting test is shown in Figure 8 . Using the measured three strain waves, the loading force b p on specimens in the dynamic splitting tests can be estimated by the function below,
in which R is the radius of pressure bars. Therefore, max P , the maximum value of (t) 
where D and L is the diameter and length of specimens, respectively.
Spalling Tests
The spalling test technique, based on SHPB, is also developed to measure the dynamic tensile strength of concrete-like materials. Because of the spalling phenomenon, specimens are divided into two or more parts by the tensile wave from the reflection of compression wave at the end between specimens and nylon bars (transmitter bar). The scheme of the spalling test set-up is shown in Figure 9. To ensure low porosity and high casting quality of spalling test specimens, following steps are employed. Firstly, the mould made from polyvinyl chloride (PVC) pipe with internal diameter of 75 mm and length a little bit longer than 900 mm is used. The mould is placed on the flat position horizontally. Then the method of grouting concrete grout into the mould for several times is adopted. Each time enough vibration with the vibrating spear is applied. Besides, the vibrating duration and the concrete grout quantity added to the mould are strictly controlled for each time. After demoulding, all specimens are preserved for 28 days in a standard curing box, according to the Chinese national code, GB/T-50081(2002). After curing, specimen ends are polished to assure good parallelism and specimen length of 900 mm. The compression wave caused by the impact of projectiles propagates along the incident bar into the long concrete specimen. When the compression wave transmits to the interface between specimens and nylon bars, because of the different wave impedance between concrete and nylon, part of the compression wave reflects to be the tensile wave propagating back to the concrete specimen and the rest propagates to the nylon bar. The compressive pressure is less than the concrete compressive strength, but the tensile pressure is greater than the concrete tensile strength. Therefore, the specimen starts spalling damage under the tensile wave. Meanwhile, the rest of compression wave propagates to the nylon bar in the process of spalling, leading to the increase of contact pressure in the interface between specimens and transmitter bars. The position, material and size of pulse shapers on the incident bar in spalling tests are same with those in dynamic splitting tests. The original pulse signal obtained from strain gauges on transmitter bar in a spalling test is shown in Figure 10 . According to Zhang et al. (2006 Zhang et al. ( , 2008 , the spalling strength s p and loading-rate s  p can be calculated from the following expressions,
in which x is a variation for the distances between the three strain gauges on transmitter bar and transmitter bar/specimen interface, and s max (x) and s min (x) is the maximum and minimum of measured stress from the strain gauge on transmitter bar, respectively, a is the attenuation coefficient for s max (0) and g is the fitting coefficient for s min (0) ; s max (0) and s min (0) is the maximum and minimum of calculated stress on transmitter bar/specimen interface, respectively; n is the wave impedance ratio of concrete specimens and transmitter bars, r is density, v is the elastic wave speed, and the subscripts of s and l stand for concrete specimens and transmitter bars, respectively; s  p is the loading-rate in spalling tests.
Experimental Results of Apparent Rate Effect
In dynamic direct tensile tests, typical failure patterns of specimens under different loading-rates are shown in Figure 11 . It is observed that specimens exhibit different failure pattern under different loading-rate, viz., the fracture surface seems to be smoother and more aggregates are broken under higher loading-rate. In Figure 11 (a), the fracture of concrete specimens mostly occurs along the interface between mortar matrix and aggregate. While in Figure 11 (b), some fractures initiate inside aggregates and finally these aggregates are broken up. Stress-strain curves of concrete specimens under various loading-rates in dynamic direct tests are shown in Figure 12 , where the stress is calculated through Equation 3 and the strain is determined by Equation 4. The dynamic stress initially increases greatly with the strain until the peak point, and after the peak point the stress gradually decreases to zero. From Figure 12 , the dynamic tensile strength of concrete specimens clearly shows rate enhancement with the loading-rate. Both failure pattern and dynamic tensile strength of concrete specimens are thus dependent of the loading-rate. In dynamic splitting tests, typical failure pictures of concrete specimens under various loadingrates are shown in Figure 13 . It is found that the crushing degree of concrete specimens increases with the increase of loading-rate. With the increase of loading-rate, the fracture area along the splitting stress increases and the fragment size decreases. Accordingly, the measured strength of concrete specimens also increases with the degree of aggregate crushing. It can be understood that the stress wave is more likely to propagate along the weaker part of concrete specimens under lower loadingrates. However, under higher loading-rates, the stress wave is likely to transmit through aggregates and split aggregates into small fragments, which contributes to the dynamic splitting tensile strength enhancement of concrete specimens. In spalling tests, the fracture features of concrete specimens under different loading-rates are shown in Figure 14 . It is observed that the fracture feature of concrete specimens performs differently and relates to the loading-rate. The higher loading-rate, more fragment pieces are produced and the fracture surfaces are flatter. It can be explained that when the amplitude of compressive stress wave reach the damage threshold of concrete specimens, damage will generate inside the concrete specimens. Under lower loading-rates, the damage caused by the compressive stress wave usually concentrates at fewer locations, and thus specimens fracture into lesser parts when the tensile stress wave transmits back from the specimen end. However, under higher loading-rates, as the loading time is short, the damage is likely to distribute at more locations, and thus specimens damage into more parts. The average quasi-static tensile strength of concrete specimens tested in this study is 1.95 MPa. DIF and loading-rate of concrete specimens are calculated from Equations above. Comparison between data obtained from previous works [Zhang et al. (2010) , Tedesco et al. (1989) and Bara et al. (2001) ] and the experimental data from dynamic tensile tests in this study is shown in Figure 15 , where 0 s  is the reference loading-rate, which is defined as 1 GPa/s. The loading-rate of quasi-static tensile tests can be calculated by the following function,
where s  st and l e is the loading-rate and strain-rate of quasi-static tensile tests, respectively, and E is the elastic modulus of concrete specimens. Both dynamic splitting and spalling experiments are considered as indirect tension tests, where concrete specimens subject to both tensile and compressive loading. Therefore, the compressive loading may influence the dynamic tensile test results. However, systematical experiments conducted in this paper show that results obtained from the three different kinds of tests are close to each other, which indicates that the influence of compressive loading in the dynamic splitting and spalling tests can be ignored. Thus, specimens in the dynamic splitting and spalling tests are mainly in the uniaxial tensile stress state, same with those in dynamic direct tensile tests. Additionally, it can be concluded that results from the three different kinds of tests are reliable since they are so close to each other. However, in Figure 15 From Figure 15 , it is found that the DIF observably increases with the loading-rate. The apparent rate effect, which is the combination effect of real rate sensitivity, inertia confinement and end friction, indeed exists in dynamic tensile strength. However, in experiments the influence of real rate effect on dynamic tensile strength enhancement could not be separated from the apparent rate effect caused by inertia confinement and end friction. Thus, numerical simulations are performed to determine the influence degree of real rate effect on the experimental DIF.
NUMERICAL SIMULATIONS

Parameters of Numerical Simulations
The Druker-Prager model in ABAQUS is a well-known computational code for simulating concretelike materials. The linear form of the extended Drucker-Prager model in ABAQUS (defined as D-P model below) is written as,
where L is a pseudo-effective stress defined by
with r being the third invariant of the deviatoric stress, q being the Mises equivalent stress, and K being the ratio between tensile and compressive triaxial strength; p is the hydrostatic pressure;
b is the slope of the linear yield surface in the p-L stress plane, which is also often referred as the internal friction angle of materials; 1 1 tan 3
is the static cohesion of materials if hardening is defined by the uniaxial tension yield stress t f .
As described in Park et al. (2001) , the D-P model can consider the dependence of flow stress on internal friction through pressure, strain hardening/softening and strain-rate sensitivity. In this study, since the yield behavior of concrete depends on the hydrostatic pressure, the D-P model is chosen to simulate concrete specimens. The hydrostatic pressure is influenced by the inertial pressure. As explained by Wang (2007) , specimens will stretch under dynamic tensile impact loading, the radial deformation of specimens will happen due to Poisson's effect, and thus radial stress will generate in the opposite direction of radial deformation because of inertia effect. Therefore, specimens are in the triaxial stress state and the hydrostatic pressure will increase. The increase of hydrostatic pressure will enhance the dynamic tensile strength of concrete specimens. This kind of dynamic tensile strength enhancement is attributed to the increase of hydrostatic pressure caused by the existence of inertia-induced radial stress. According to Li et al. (2009) , the internal friction angle and dilation angle are taken to be 40  , and the flow stress ratio is taken to be 1 in this study. The geometries and material parameters of the numerical models are shown in In quasi-static tensile tests, the performance of concrete specimens can be considered as the elastic behavior before reaching peak stress, and then damage softening when sequentially loaded after peak stress, which causes the decrease of stress. The quasi-static tensile stress-strain curve used for numerical simulations is calculated through a Chinese national code, GB50010 (2002) , as shown in Figure 16 . The contribution of inertia effect to the dynamic tensile strength enhancement of concrete-like materials cannot be individually obtained from laboratory tests. However, it can be easily determined in numerical simulations, by defining rate independent material properties. Therefore, the numerical results, which ignore the real rate effect, can disclose the influence degree of inertia effect. Accordingly, the real rate effect on the dynamic tensile strength from laboratory tests for concretelike materials can be determined.
Model of Dynamic Direct Tensile Tests
The CAX4R element (4-node bilinear axisymmetric quadrilateral, reduced integration, hourglass control) is employed and the element size is defined as 0.5 mm×0.5 mm. The total computing time is set as 1300 μs. In the axisymmetric model, the interaction between specimens and bars is defined as "tie" constraint, the radial movement of the symmetry axis is limited, and one end of incident bars is imposed by different tensile stress, as illustrated in Figure 17 . The distance between the strain gauge on the incident bar and incident bar/specimen interface is 2.4 m. The stress wave amplitude obtained from this strain gauge in laboratory experiments and smoothed data are shown in Figure 18 . In this study, the smoothed loading amplitude curve is employed on the incident bar. From the numerical results, it is found that the maximum stress of all elements is very close to the quasi-static strength. The laboratory tests show that the specimen fails from the middle part. Therefore, the numerical predicted tensile strength of specimens is obtained from the peak stress of middle element on the symmetrical axis, as illustrated in Figure 19 . The stress-time curve under the stress loading of 50 MPa is shown in Figure 20 . Loading-rate is represented by Equation 5, and the rise-time is obtained from the element corresponding with the location of strain gauge on transmitter bar in laboratory experiments.
Model of Dynamic Splitting Tests
The C3D8R (8-node linear brick, reduced integration, hourglass control) element is adopted and the contact property between specimens and pressure bars is set as "penalty" and the friction coefficient is taken as 0.1 . The interaction between specimens and bars is "General contact", as illustrated in Figure 21 . The calculating time is designated as 1200 μs. The curve of loading amplitude is shown in Figure 22 . The dynamic splitting strength obtained from the specimen under the stress loading of 300 MPa is shown in Figure 23 . The loading-rate in dynamic splitting tests can be calculated by Equation 8. The rise-time is the relevant time determined from the initiation to the maximum of transmitted stress wave, obtained from the element on transmitter bar which has same position with the strain gauge in laboratory experiments.
Model of Spalling Tests
In numerical spalling tests, the CAX4R element is used, and the element size is 0.5 mm, as illustrated in Figure 24 . The contact property between specimens and pressure bars is set as "penalty" and 0.1 is valued as the friction coefficient. The interaction between specimens and bars is "surface to surface contact". The whole calculating time is set as 3500 μs. The loading amplitude is same with that in dynamic splitting tests. 
in which ts s is the spalling strength of specimens in numerical simulations, s r is the density of specimens, u d is the velocity difference of particle velocity on the specimen end nearby the transmitter bar, and p t is the propagation time of stress-wave in specimens.
The propagation time p t can be calculated through the time difference of the stress at incident bar/specimen interface and particle velocity at another end of the specimen, as shown in Figure 25 . The loading-rate is obtained by Equation 13 and the rise-time is obtained in the same way with the numerical simulation of dynamic splitting tests. 
COMPARISON AND DISCUSSION
In numerical models, the material property of specimens is assumed to be rate insensitive. If the dynamic tensile strength obviously increases with loading-rate in numerical simulations, it is not the contribution made by real rate effect but the effect of inertia and end friction. On the contrary, if the tensile DIFs calculated from the numerical model have little increase trend with loading-rate, which indicates that the influence of inertia and end friction on the dynamic tensile strength is little but the real rate effect contributes largely. The stress histories obtained from numerical dynamic direct tensile tests under various loading-rates are shown in Figure 26 . It can be discovered that the dynamic tensile strength of concrete specimens does not increase with the increase of loading-rate, while the critical rise time reduces with increasing loading-rate. The comparison of stress-strain curves between those obtained from dynamic direct tensile experiments and numerical simulations is shown in Figure 27 . It can be discovered that the predicted dynamic tensile strength of concrete specimens, which is defined as rate insensitivity, does not increase with the increase of loading-rate. Based on available experimental data and numerical results, the relationship between DIFs and loading-rate of concrete specimens is presented in Figure 28 for comparison purpose. It is clear that the predicted DIFs obtained from rate insensitive model are almost independent of loading-rates, and the experimental DIFs are significantly greater than the numerical predicted DIFs. Therefore, the tensile DIFs obtained from those dynamic tensile experiments reflect the true dynamic tensile stress enhancement of concrete-like materials, which can be directly used in the design and numerical models. The reason of different contribution of inertia effect to concrete-like materials in dynamic compressive and tensile experiments can be explained by Poisson's effect and inertia-induced radial confinement. In dynamic compressive tests, specimens are compressed along the axial direction, and then specimens will rapidly dilate along the radial direction due to the Poisson's effect. Equivalently, specimens suffer inertia-induced radial confinement and the hydrostatic pressure in specimens improves, then the dynamic compressive strength of concrete-like materials also enhances, as shown in Figure 29 (a). However, specimens are stretched along the axial direction in dynamic tension tests, inertia-induced radial stress brings a multiaxial state of traction to specimens [Ragueneau et al. (2003) ], and the hydrostatic pressure remains almost unchanged. Therefore, the influence of inertia effect in dynamic tension tests is not obvious, as shown in Figure 29 
CONCLUSIONS
This paper conducts laboratory experiments and numerical simulations to study the influence of end friction, inertia and real rate effect on tensile DIFs of concrete-like materials. The DIFs observably increase with the loading-rate in laboratory tests, and the influence caused by the real rate effect cannot be separated from DIFs obtained from the experiments. Therefore, the D-P model is employed to indirectly analyze the contribution of real rate effect to the experimental DIFs of concrete-like materials, and parameters of numerical models are obtained based on the laboratory experiments. Persuasive comparisons between experimental data and numerical results are made to further study the contribution of real rate effect to the DIFs of concrete-like materials in dynamic tensile tests. Finally, it is found that the apparent dynamic tensile strength enhancement obtained from dynamic tensile experiments of concrete-like materials is mainly associated with the real rate effect and almost independent of others. Therefore, the real rate effect is the dominant factor to cause dynamic tensile strength enhancement of concrete-like materials in laboratory tests.
